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Summary  
 
Bilaterally symmetric motor patterns—those in which left-right pairs of muscles contract 
synchronously and with equal amplitude (such as breathing, smiling, whisking, locomotion)—are 
widespread throughout the animal kingdom. Yet surprisingly little is known about the underlying 
neural circuits. We performed a thermogenetic screen to identify neurons required for bilaterally 
symmetric locomotion in Drosophila larvae, and identified the evolutionarily-conserved Even-
skipped+ interneurons (Eve/Evx). Activation or ablation of Eve+ interneurons disrupted bilaterally 
symmetric muscle contraction amplitude, without affecting the timing of motor output. Eve+ 
interneurons are not rhythmically active, and thus function independently of the locomotor CPG. 
GCaMP6 calcium imaging of Eve+ interneurons in freely-moving larvae showed left-right asymmetric 
activation that correlated with larval behavior. TEM reconstruction of Eve+ interneuron inputs and 
outputs showed that the Eve+ interneurons are at the core of a sensorimotor circuit capable of 
detecting and modifying body wall muscle contraction.  
 
Highlights  
• New model system for analysis of bilaterally symmetric motor output 
• Identify a role for the conserved Eve+ interneurons in locomotor behavior  
• Imaging of neural activity in an intact, freely-moving Drosophila larvae  
• Identify a multisynaptic sensorimotor circuit using TEM reconstruction 
 
 
eTOC Blurb  
During symmetrical motor activities—e.g., breathing, smiling, whisking, locomotion—bilateral pairs 
of muscles contract synchronously and with equal amplitude. Heckscher et al. identify the 
evolutionarily-conserved Eve+ interneurons as part of a sensorimotor circuit that maintains bilateral 
muscle contraction amplitude. 
 
 
 
  
 3 
Introduction 
Bilaterally symmetric motor patterns—those in which muscle contractions on the left and right sides 
of the body occur synchronously and with equal amplitude—are widespread throughout the animal 
kingdom. They regulate respiration, speech, smiling, whisking, flight, and various locomotor gaits. 
Surgical manipulations in both vertebrates and invertebrates have shown that contralaterally-
projecting commissural interneurons are required for bilaterally symmetric motor output, 
demonstrating that symmetric motor output is not merely a default state (Dubayle and Viala, 1996; 
Jahan-Parwar and Fredman, 1980; Lanuza et al., 2004; Murchison et al., 1993; von der Porten et al., 
1982). In the mouse, genetic deletion of Dbx1+ interneurons resulted in left-right asynchronous motor 
output during respiration and perinatal lethality (Bouvier et al., 2010). Genetic deletion of the dbx1 
locus affects both ventral Evx1+ interneurons and dorsal Evx1- interneurons. A more specific loss of 
just the dorsal Dbx1+ interneurons had no effect on breathing. Taken together these data implicate 
Evx1+ interneurons in regulating respiratory motor rhythms (Bouvier et al., 2010). However, this 
interpretation is clouded by the observation that mice lacking Evx1 protein appear to breathe 
normally (Moran-Rivard et al., 2001). These findings demonstrate how little we understand about the 
molecules and neural circuitry underlying bilaterally symmetric motor output, despite its broad and 
essential functions.  
 Drosophila larval crawling is a genetically tractable model system for investigating the molecular 
and neuronal underpinnings of symmetric motor output. Larval crawling is a simple, robust motor 
behavior that involves waves of rhythmic, bilaterally symmetric body wall muscle contractions 
(Heckscher et al., 2012). The segmented larva has ~30 bilateral body wall muscles per segment and a 
similar number of motor neurons, and their role during larval locomotion has been characterized 
(Berni et al., 2012; Crisp et al., 2008; Crisp et al., 2011; Dixit et al., 2008; Heckscher et al., 2012; 
Hughes and Thomas, 2007; Lahiri et al., 2011; Pulver and Griffith, 2010; Schaefer et al., 2010). In 
contrast, there are ~270 bilateral interneurons per segment (Heckscher et al., 2014; Rickert et al., 
2011) and their role in locomotion is almost completely unknown (Kohsaka et al., 2014). Recently, 
we identified several hundred Gal4 lines that express in a sparse pattern of neurons in the late 
embryonic CNS, and determined their expression pattern at single neuron resolution for 75 of these 
lines (Heckscher et al., 2014; Manning et al., 2012). We used this collection of sparsely-expressed 
Gal4 lines to express the warmth-activated TRPA1 cation channel and screen for locomotor defects in 
newly hatched larvae. We identified a small pool of interneurons (“ELs”) that express the 
evolutionarily-conserved transcription factor Even-skipped (Eve; Evx1/2 in mammals) that are 
required to maintain bilaterally symmetric motor output.  
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 Eve/Evx+ interneurons are found in the nerve cord of almost all bilateral animals examined to 
date, including annelids, chordates, insects, fish, birds and mammals, as well as a proposed common 
ancestor between invertebrates and vertebrates, Platynereis dumerilii (Avaron et al., 2003; Copf et al., 
2003; Denes et al., 2007; Ferrier et al., 2001; Holland, 2013; Ikuta et al., 2004; Moran-Rivard et al., 
2001; Sordino et al., 1996; Takatori et al., 2008; Thaeron et al., 2000). In all cases where the 
morphology of Eve/Evx+ interneurons has been examined, they have contralateral ascending 
projections, such as the zebrafish CoSA and mouse V0v interneurons (Figure 1A)(Moran-Rivard et 
al., 2001; Suster et al., 2009). In flies, Eve is expressed in segmentally-reiterated subsets of 
interneurons and motor neurons, but not in the brain (Figure S1)(Frasch et al., 1987). The Eve/Evx 
transcription factor is well known to specify neuronal identity and regulate axon pathfinding in fly 
and worm motor neurons as well as in mammalian interneurons (Broihier and Skeath, 2002; Doe et 
al., 1988; Esmaeili et al., 2002; Fujioka et al., 2003; Landgraf et al., 1999; Moran-Rivard et al., 2001; 
Zarin et al., 2014). However, despite years of intense study the behavioral role of the Eve/Evx+ 
interneurons remains poorly defined. Our results show that the Eve+ interneurons are part of a 
sensorimotor circuit that maintains left-right symmetric of muscle contraction amplitude in 
Drosophila larvae. 
 
 
Results 
 
The EL interneurons maintain left-right symmetric larval locomotion 
 To identify interneurons required for larval locomotion we used a collection of Gal4 lines that 
sparsely label neurons in the late embryonic CNS (Heckscher et al., 2014; Manning et al., 2012) to 
express the warmth-activated cation channel TRPA1 (Pulver et al., 2009) and screened for defects in 
larval locomotion. We screened newly hatched larvae for locomotor defects following activation of 
TRPA1 (28oC) that were reversed following inactivation of TRPA1 (23oC). Here we focus on the 
evolutionarily-conserved Eve+ lateral (EL) interneurons that are specifically targeted by the EL-gal4 
line (Figure 1B)(Fujioka et al., 1999).  
 Wild type first instar larvae crawl with a linear posture at both 23oC and 28oC (data not shown), 
as do larvae expressing TRPA1 in the ELs at 23oC (Figure 1C top; Movie S1, Table S1). In contrast, 
raising the temperature to 28oC to induce TRPA1 stimulation of the ELs resulted in slower crawling 
and abnormal left-right asymmetric body posture, which we call “C-bends” (Figure 1C,D; Movie S2, 
Table S1). Similarly, Chrimson optogenetic simulation of ELs resulted in pronounced C-bends 
(Figure 1E, Movies S3-4). C-bends are different from normal larval turning because they can occur 
in posterior segments, whereas larval turning is performed by anterior segments (Berni, 2015; Lahiri 
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et al., 2011). We conclude that bilateral activation of EL interneurons is sufficient to disrupt left-right 
symmetric body posture.  
 We tested next whether the ELs were required for left-right symmetric locomotion. We used EL-
gal4 to express the pro-apoptotic Hid/Reaper proteins, which typically removed all but 1-2 EL per 
hemisegment (Figure 2A). Similar to EL activation, ablation of the ELs led to slow crawling speeds 
and "wavy" body posture, including C-bends (Figure 2B-E, Movie S5). Because ablation removes 
statistically similar numbers of ELs from the left and right sides of the nerve cord (Figure 2A), and 
because C-bends can occur in both directions within the same animal (Figure 2C), we conclude that 
bilateral ablation leads to a randomized left-right asymmetric body posture.  
 Although EL interneurons are present only in the nerve cord, the EL-gal4 line is stochastically 
expressed in a few cells in the brain (Figure S1). To test whether ablation of these neurons caused 
locomotor defects, we used tsh-gal80 (Clyne and Miesenbock, 2008) to inhibit EL-gal4 in the nerve 
cord but not in the brain. We found that ablation of the EL-gal4 neurons in only the brain had no 
defects in locomotion (Figure 2E). We conclude that the Eve+ ELs within the nerve cord are required 
for bilaterally symmetric crawling in Drosophila larvae, and that the normal function of EL 
interneurons is to maintain left-right symmetric muscle contractions during linear locomotion. 
 
EL interneurons maintain left-right symmetric muscle contraction amplitude without affecting 
contraction timing 
 To determine how the EL interneurons regulate motor output, we quantified muscle contraction 
timing in wild type, EL ablated, and EL activated larvae. We found that all genotypes showed left-
right synchronous muscle contractions (Figure 3A-C, Table S2). The lack of effect on muscle 
contraction timing suggests that the ELs are not part of the central pattern generator (CPG), addressed 
in more detail below. We conclude that EL interneurons are not required for left-right synchronous 
timing of muscle contraction.  
 We next measured left-right muscle resting length and maximum contraction amplitude. Control 
larvae showed bilateral symmetry in resting muscle length and maximum contraction amplitude 
(Figure 3A, Movie S6, Table S2). In contrast, both EL ablated and EL activated larvae showed 
significant left-right differences in resting muscle length and maximum muscle contraction amplitude 
during forward locomotion (Figure 3B-C, Movie S7-8, Table S2). The resting muscle phenotype is 
consistent with our observations that EL disruption can create left-right asymmetry in larvae at rest 
(data not shown). We conclude that the EL interneurons are required for maintaining bilaterally 
symmetric muscle contraction amplitude, both at rest and during active muscle contraction.  
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Calcium imaging reveals functional interactions among EL interneurons 
 To better understand the neural circuit containing the EL interneurons, we asked if the ELs 
could be part of the central pattern generator (CPG) for locomotion. We performed calcium 
imaging in the isolated CNS, which lacks all sensory input, and asked if ELs showed locomotion-
like patterns of activity. As a positive control, we confirmed that motor neurons show organized 
locomotion-like posterior to anterior waves activity (Figure S2, Movie S9) as has been previously 
reported (Pulver and Griffith, 2010; Schaefer et al., 2010). In contrast, the ELs showed only 
spontaneous activity in individual neurons (Figure S2, Movie S10). We conclude that the EL 
interneurons are neither part of the locomotor CPG, nor receive input from the locomotor CPG.  
 Next, to understand how TRPA1-induced stimulation of EL interneurons could lead to a 
behavioral phenotype, we asked how the EL interneurons themselves responded to bilateral 
activation. We used TRPA1 to chronically stimulate EL interneurons, similar to our behavioral 
experiments, and monitored EL activity using the calcium sensor GCaMP6m. Imaging was done 
in the isolated CNS to reduce movement artifacts and eliminate sensory input (Figure 4A). We 
observed three types of response. Most commonly, the EL interneurons were strongly activated on 
one side of the CNS and weakly activated on the other side; at stimulus offset the response reliably 
switched sides (Figure 4A-C, group 1, n = 10, Movie S11). This left-right asymmetric response to 
presumably bilaterally symmetric TRPA1 activation suggests that left-right EL interneurons 
exhibit functional interactions. Less commonly we observed bilaterally symmetrical activity that 
was low during stimulation and increased at stimulus offset (Figure 4B-C, group 2, n = 6) or EL 
activity mirroring TRPA1 activity (Figure 4B-C, group 3, n = 6), the response expected if the ELs 
had no functional interactions. For all groups, once the pattern of EL activity was established it 
remained constant for the duration of the chronic TRPA1 stimulation interval; this is in contrast to 
EL activity within intact larvae (see next section). We conclude that there can be functional 
interactions between left-right EL interneurons. 
 
Calcium imaging of EL activity within intact, freely-moving larvae provide functional 
evidence that the EL interneurons are part of a sensorimotor circuit 
 We wanted to understand how EL interneurons respond to stimulation in vivo, and whether EL 
response is correlated with larval behavior. We expressed both TRPA1 and GCaMP6 in ELs, 
induced chronic TRPA1 activation, and imaged EL activity in intact, freely crawling larvae. We 
observed epochs of left-right asymmetric EL activity in every case (n=5) (Figure 5A). 
Interestingly, EL interneurons could undergo repeated left-right switches in activity despite 
chronic TRPA1 activation; in contrast, similar experiments using isolated CNS preparations never 
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showed left-right switching (Figure 4). We propose that left-right activity switching within the 
intact larvae is due to sensory input. 
 Next, we asked whether left-right asymmetrical EL interneuron activity is correlated with a 
specific larval behavior. We repeated the experiment above using a low-power objective to 
measure the calcium signal within left and right ELs while simultaneously monitoring body 
position using intrinsic autofluorescence of the larvae. We focused our analysis on epochs where 
EL activation switched from high on one side to high on the other. We selected the ten epochs 
showing the largest switches in left-right EL activity (without attention to the behavioral data) and 
aligned the traces to the moment EL activity switched sides (Figure 5B-D, Movie S12). We found 
that a switch in EL activity was correlated with body bending on the side contralateral to the side 
with high EL activity (100%, n = 3 larvae, 10 switches; Figure 5E). Thus, we propose that a 
unilateral rise in EL activity generates contralateral motor output.  
 
Identification of individual EL interneurons by light and electron microscopy 
 Our behavioral and functional imaging data support the hypothesis that EL interneurons are 
part of a sensorimotor circuit that regulates muscle contraction amplitude. To characterize the 
network context in which the ELs operate, we identified their pre- and post-synaptic partners using 
transmission electron microscopy (TEM) reconstructions. We analyzed multiple hemisegments of 
two different first instar larvae: one a full CNS reconstruction from a 6 h old larva, and the other a 
1.5 segment reconstruction of A2/A3 segments from a 12-24 h old larva (Ohyama et al., 2015). 
Because TEM reconstruction of neural circuits is laborious, we identified a smaller subset of 
functionally important ELs using the split Gal4 approach (Luan et al., 2006). The R11F02-gal4 
line is expressed in a subset of ELs plus other neurons (Heckscher et al., 2014), so we generated 
R11F02-gal4AD and EL-gal4DBD lines and crossed them together to label only the R11F02+ EL+ co-
expressing neurons (hereafter called 11F02 ∩ ELs). This restricted labeling to just five ELs per 
hemisegment (Figure 6A). Activation of these five neurons produced a phenotype similar to that 
seen when activating all ELs with EL-gal4 (Figure 6B-C, Movie S13-14). We conclude that the 
11F02 ∩ ELs are a functionally relevant subset of the full EL interneuron population.  
 To determine the unique morphology of the five 11F02 ∩ EL interneurons, which is a 
prerequisite for finding the matching neuron in the TEM reconstructions, we used multicolor flip-
out (MCFO) (Nern et al., 2015). We found that two ELs had contralateral projections ascending to 
the brain (A08c, A08s) and three had contralateral projections that remained local (A08e1-A08e3) 
(Figure 6D). Both projection and local 11F02 ∩ ELs can be distinguished from each other based 
on their unique 3-dimensional pattern of neural arbors (Figure 6D; Table S3). We conclude that 
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each 11F02 ∩ EL interneuron has a distinctive morphology, allowing us to identify the 
morphologically identical interneurons within the TEM reconstructions. 
 To identify individual 11F02 ∩ EL interneurons using TEM, we used their shared and distinct 
features to identify and categorize the neurons (see Methods). We use the term ‘reconstructed’ to 
indicate tracing of all neuronal processes, and the term ‘annotate’ for identifying pre- and post-
synaptic partners. We reconstructed and annotated all five 11F02 ∩ ELs in the younger “Larva 1” 
TEM volume which includes the entire CNS (Figure 6E-I), and the three local 11F02 ∩ ELs in 
the older “Larva 2” TEM volume which contains only segment A3 (Figure S3). For each 11F02 ∩ 
EL interneuron we observed a stereotyped morphology in multiple segments (Figure 6H), in left 
and right hemisegments (Figure 6I), and in multiple larvae (Figure S3). No other adjacent neurons 
in the TEM volumes shared common features with the 11F02 ∩ ELs and matched the MCFO 
morphology. We conclude that we have identified the 11F02 ∩ EL interneurons in the TEM 
reconstructions. 
 
The EL interneurons receive direct proprioceptor input and generate direct motor neuron 
output 
 Our first goal was to determine whether the 11F02 ∩ EL interneurons had direct sensory input 
or direct motor output within the TEM volumes. We benefited from prior annotation of many 
sensory and motor neurons (Ohyama et al., 2015), but we also reconstructed additional sensory 
and motor neurons to ensure that each sensory neuron class was represented (chordotonal, external 
sensory, proprioceptors) and each motor neuron class was represented (dorsal-, ventral-, and 
lateral-projecting motor neurons) (Kohsaka et al., 2012; Singhania and Grueber, 2014). We 
discovered that multiple proprioceptive sensory neurons – but few or no external sensory or 
chordotonal neurons – formed direct presynaptic contacts with both local and projection EL 
interneurons (Figure 7A,B). The proprioceptors always formed their presynaptic contacts on 
ipsilateral arbors of the local EL interneurons; that is, left body wall proprioceptors synapse with 
EL interneurons whose cell bodies are on the left side of the CNS (Figure 7A,C). We found that 
the proprioceptor-EL contacts were highly specific and reproducible across sides of the CNS, 
multiple segments, and multiple larvae (Figure 7A, Figure S3, S4). For example, the ventral 
bipolar dendrite (vbd) proprioceptor always formed presynaptic contacts with the A08e3 arbor, but 
not the intermingled A08e1 or A08e2 arbors, and the number of vbd contacts was always greater 
on the A08e2 lateral arbor and fewer on its medial arbor (Figure 7A,C,D). The functional 
significance of different proprioceptors targeting different ELs remains to be determined (see 
Discussion), however the specificity and reproducibility of synapse positions and numbers 
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confirms the accuracy of our reconstruction and annotations. The function of proprioceptive 
neurons in Drosophila larvae has not been tested, but proprioceptive neurons monitor muscle 
length in many insects (Simon and Trimmer, 2009; Tamarkin and Levine, 1996), and thus we 
propose that the proprioceptor-EL connectivity we observe is used to convey body wall muscle 
contraction amplitude information to the EL interneurons.  
 Next, we determined whether EL interneurons formed presynaptic contacts with motor neuron 
dendrites. We found that the ELs formed direct presynaptic contacts from the ELs to dorsal-
projecting motor neurons RP2, U1, and U2, but not to ventral- or lateral-projecting motor neurons 
(Figure 7A,C,E). The EL interneurons always formed their presynaptic contacts on the 
contralateral motor neurons; that is, EL interneurons on the left side of the CNS formed 
presynaptic contacts with motor neurons projecting to the right body wall (Figure 7A,C). Thus, if 
the ELs were to provide excitatory drive to their target motor neurons, it would explain why EL 
activation correlates with contralateral motor neuron output within intact crawling larvae (see 
above). Consistent with this hypothesis, we found that ELs are cholinergic (Figure S5), and 
therefore could provide excitatory drive to motor neurons, similar to previously described 
cholinergic excitatory pre-motor neurons (Baines et al., 2001; Pym et al., 2006). Consistent with 
this conclusion, bilateral Chrimson stimulation of ELs resulted in motor neuron activation (Figure 
7F). We conclude that local ELs are functionally pre-synaptic to contralaterally-projecting motor 
neurons.  
 
Jaam interneurons: a link between proprioceptive neurons and EL interneurons 
 The proprioceptor-EL-motor neuron anatomical circuit described above is unlikely to be 
functioning in isolation. Thus, we searched for additional neurons that had a similar or greater 
number of presynaptic contacts with the ELs compared to proprioceptors (see Methods). We 
discovered two interneurons with 8-18 presynaptic contacts per EL interneuron, called Jaam1 and 
Jaam3 (Figure 8A). Jaam2 had morphology similar to Jaam1/Jaam3 but connected to the ELs via 
Jaam1 (Figure 8A, inset; Figure S5). Over 7% of all Jaam1/Jaam3 presynaptic contacts were on 
the ELs, similar to the combined number of dorsal and ventral proprioceptor neuron inputs to the 
ELs (Figure 8B, top). Interestingly, over 30% of the Jaam1-3 neurons inputs were from the 
dorsal and ventral proprioceptors (Figure 8B, bottom). Thus, the Jaam neurons provide a link 
from proprioceptors to EL interneurons. Similar to proprioceptor-EL connectivity, Jaam neurons 
formed highly specific contacts with their input and output neurons. For example, the dorsal 
bipolar dendrite (dbd) proprioceptive neuron provides input to Jaam1 but not Jaam2/Jaam3, and 
the Jaam1 neuron provides input to the A08e2 but not A08e1/3, despite their intermingled arbors 
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(Figure 8A,C). In addition, there was specific, reproducible ipsilateral and contralateral 
connectivity between Jaam1-3 neurons (Figure 8A, inset). Although the functional role of the 
Jaam neurons in presenting proprioceptive activity to the EL interneurons is currently unknown, it 
is clear that the Jaam interneurons provide an anatomical link between proprioceptors and EL 
interneurons. 
 
Saaghi interneurons: a link between EL interneurons and motor neurons 
 We showed above that local EL interneurons formed direct presynaptic contacts with motor 
neurons. However, the number of synapses between each EL-motor neuron was relatively few 
(range: 1-7), and were reliably detected with only 3-4 motor neurons of the ~30 per segment. We 
therefore searched for neurons that had a comparable number of EL presynaptic contacts (see 
Methods). We discovered two interneurons with a range of 2-9 EL presynaptic contacts, which 
we call Saaghi neurons 1 and 3 (SA1, SA3; Figure 9A; Figure S6). SA1/SA3 received 10% of all 
EL presynaptic contacts, far greater than the number EL presynaptic contacts to dorsal-projecting 
motor neurons (Figure 9B, top). In contrast to the EL interneurons which had outputs to only the 
dorsal-projecting motor neurons, the SA1/SA3 neurons had outputs to all classes of motor 
neurons (Figure 9A). For example, SA1 formed over 33-37 presynaptic contacts with dorsal-
projecting motor neurons, 15-33 to ventral-projecting motor neurons, and 2-8 to lateral-projecting 
motor neurons (Figure 9A). Moreover, the SA1/SA3 neurons allocated 20% of their total 
presynaptic contacts to motor neurons (Figure 9B, bottom). Thus, the SA1/SA3 premotor 
neurons provide a link from EL interneurons to all classes of motor neurons. Interestingly, the 
disynaptic EL-SA-motor neuron pathway connects the ELs with ipsilateral motor neurons 
(Figure 9A, black lines), whereas the monosynaptic EL-motor neuron pathway connects ELs to 
contralateral motor neurons (Figure 9A, grey lines). These two pathways could generate 
synergistic output if the SA neurons are inhibitory (see Discussion).  
 In contrast to the specificity of proprioceptor-EL connectivity, the EL-SA-motor neuron 
connectivity is distributed; each EL synapses with both SA neurons, and each SA neuron 
synapses with all motor neuron classes (Figure 9C). This shows that the EL interneurons have 
the potential to regulate the activity of all body wall muscles, and suggests that different 
mechanisms of circuit formation may be used by proprioceptor-Jaam-ELs and by EL-SA-motor 
neurons. Although the role of the SA1/SA3 neurons in translating EL activity into motor output is 
currently unknown, our data shows EL interneurons are positioned at the heart of an anatomical 
sensorimotor circuit that is well suited for detecting and modifying body wall muscle contraction 
and body posture. 
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Discussion 
 
Drosophila larvae: a model system for investigating left-right symmetric motor output 
 Bilaterally symmetric motor patterns—those with muscle contractions on the left and right sides 
of the body occurring synchronously and with equal amplitude—have broad and essential functions. 
Despite the nearly ubiquitous use of bilaterally symmetric motor patterns throughout the animal 
kingdom we understand surprisingly little about the relevant neural circuitry. Here we identify an 
anatomical sensorimotor circuit containing an evolutionarily-conserved population of Eve/Evx+ 
interneurons that is required to maintain left-right symmetric muscle contraction amplitude both 
during active muscle contraction and at rest. To our knowledge, these interneurons are the first known 
to regulate bilaterally symmetric muscle contraction amplitude. In mouse, Sim1+ V3 interneurons 
have a related function during alternating gait (Zhang et al., 2008). In the future, it will be interesting 
to directly examine muscle contraction amplitude in “V3 defective” mice to determine whether this 
class of interneuron is responsible for balancing amplitude of left-right muscle contraction during 
alternating motor patterns. Similarly, it will be interesting to determine the role of Drosophila 
interneurons expressing the Sim1 homolog, Single-minded, during left-right symmetric motor output. 
 
EL interneurons are part of a sensorimotor circuit  
 We show that EL interneurons act in a sensorimotor circuit independent of the central pattern 
generator that generates locomotion. First, in the absence of sensory input ELs do not show 
locomotion-like patterns of activity (Figure S2). Second, EL perturbation does not alter left-right 
timing of muscle contraction (Figure 3). Third, EL perturbation alters muscle contraction 
amplitude during locomotion and at rest (Figure 3).  
 Our data suggest that EL interneurons receive sensory input that is primarily proprioceptive. 
Because proprioceptive neurons can detect muscle length and movement (Simon and Trimmer, 
2009; Tamarkin and Levine, 1996), they are well suited to convey muscle amplitude information 
to the ELs. Closer inspection of the proprioceptor to EL connectivity generates interesting 
hypotheses. First, proprioceptors are presynaptic to both projection and local EL interneurons; the 
former may send body posture information to the brain, while the latter may act locally to 
maintain left-right symmetric muscle length in each segment. Second, the Jaam interneurons are 
well positioned to process sensory information (e.g. from dorsal or ventral regions of the body 
wall) prior to transmitting information to the ELs. Although we currently know little about Jaam 
neurotransmitter expression or function, their position in the circuit raises the question of whether 
EL interneurons show state-dependent responses to proprioceptive inputs. 
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 Our data demonstrate that EL interneurons are presynaptic to motor neurons and can modify 
motor output. EL perturbation results in slow crawling and asymmetric left-right muscle 
contraction amplitude, while optogenetic stimulation of ELs induces motor neuron activity. The 
majority of ELs are cholinergic and likely excitatory, they provide direct input to contralateral 
motor neurons, and motor neurons are glutamatergic and excitatory (Kohsaka et al., 2012). Thus, 
EL activity on one side of the body should result in increased contralateral motor neuron activity 
and contralateral muscle contraction. This may be reinforced by the disynaptic (EL-SA-MN) 
pathway, in which EL activity would prevent ipsilateral motor neuron activity if the SA neurons 
are inhibitory. This model awaits future characterization of SA neurotransmitter expression and 
function. We propose the hypothesis that ipsilateral muscle relaxation (via the EL-SA-MN 
pathway) together with contralateral muscle contraction (via the direct EL-MN pathway) is used 
for dynamic adjustment of body posture.  
 
How do EL interneurons maintain left-right symmetric muscle contraction amplitude?  
Left-right differences in muscle contraction amplitude inevitably arise due to stochastic 
external (environmental) or internal (CNS/muscle) asymmetries. Without proper compensation, 
these perturbations would result in mismatched muscle contraction amplitude on left-right sides 
of the body. We hypothesize that sensory input generates a representation of body wall curvature 
that is delivered to the EL interneurons. Left-right interactions among ELs would allow them to 
compare left versus the right sides of the body, followed by EL stimulation of motor output to 
restore left-right symmetric muscle length. 
How does EL interneuron ablation and activation generate the same phenotype? We favor a 
model in which ELs are part of a “perturbation-compensation” circuit. A larva that experiences an 
asymmetrical perturbation from an external or internal source would generate left-right 
mismatched muscle contraction amplitudes in the absence of any compensation. We propose that 
the EL circuit detects and compensates for these asymmetries. When the ELs are absent or 
constitutively active, they lose the ability to perform the left-right comparison and the 
asymmetries persist. In this way two “opposite” manipulations yield the “same” phenotype.  
 
A conserved function of Eve/Evx+ interneurons in neuronal circuitry and behavior? 
 There is deep conservation of genetic programs that specify neuronal fate. This is particularly true 
for the Even-skipped+ (Eve or Evx+ in vertebrates) interneurons, which have been found in all 
bilateral animals examined to date except C. elegans. Annelids, chordates, insects, fish, birds, and 
mammals—as well as the presumed last common ancestor between invertebrates and vertebrates, 
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Platynereis dumerilii —all contain Eve/Evx+ interneurons (Avaron et al., 2003; Copf et al., 2003; 
Denes et al., 2007; Ferrier et al., 2001; Fujioka et al., 2003; Holland, 2013; Ikuta et al., 2004; 
Landgraf et al., 1999; Moran-Rivard et al., 2001; Sordino et al., 1996; Suster et al., 2009; Takatori et 
al., 2008; Thaeron et al., 2000). Evx+ neurons in mice are commissural, excitatory, and directly 
contact motor neurons (Lanuza et al., 2004; Moran-Rivard et al., 2001); here we show that fly Eve+ 
interneurons are commissural, likely excitatory, and directly contact motor neurons. One hypothesis 
to explain the remarkable parallels between Eve/Evx+ interneurons is that the last common ancestor 
between vertebrates and invertebrates was segmented and motile; and thus the genetic programs used 
to create locomotor circuitry may be evolutionarily ancient.  
 We have shown that the Drosophila Eve+ lateral interneurons are required to maintain left-right 
symmetrical motor output in the larva. Do Evx+ interneurons have a similar function in other 
organisms? Genetic removal of Evx1+ interneurons in mice did not reveal any specific function in 
either gross motor patterns or in the timing of left-right alternating motor neuronal activity as assayed 
by nerve root recordings (Lanuza et al., 2004; Moran-Rivard et al., 2001). Subsequently, a broader 
genetic manipulation which reduced the number of Evx1+ interneurons to 25% of wild type levels, as 
well as ablating a large but unspecified number of Evx1- neurons, resulted in a hind limb hopping 
phenotype during fast locomotion (Talpalar et al., 2013). This study raised the possibility that Evx1+ 
interneurons regulate locomotion in mice. In our study we show that highly specific ablation or 
activation of Eve+ lateral interneurons disrupts larval crawling. It will be interesting to determine 
whether Evx1+ interneurons regulate bilaterally symmetric or alternating gait in other organisms, as 
well as whether Eve+ interneurons regulate alternating gait or symmetric flight in adult flies.  
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Experimental Procedures 
 
Fly genetics 
For complete list of fly stocks see Supplemental Experimental Procedures. For EL-AD and CQ2-
lexA molecular constructs and transgenic flies were generated using standard methods as 
previously described (Pfeiffer et al., 2008; Pfeiffer et al., 2010).  
 
Embryo immunostaining  
We used standard methods to stain Drosophila embryos and larvae (Manning et al., 2012). For 
list of primary antibodies see Supplemental Experimental Procedures. Secondary antibodies were 
from Invitrogen/Molecular Probes (Eugene, OR) and were used according to manufacturer’s 
instructions. Images were acquired on a Zeiss 700 or 710 confocal microscope with a 40X 
objective. Images were cropped in ImageJ (NIH) and assembled in Illustrator and Photoshop 
(Adobe).  
 
Larval behavior 
We recorded behavior in 0-4 h first instar larvae, except late first instar to second larvae were 
recorded for experiments using Chrimson. Brightfield whole larval recordings. Behavior arenas 
were made of 6% agar in grape or apple juice, 2 mm thick. Behavior was recorded at 23oC, unless 
otherwise noted. Temperature was measured using Omega HH508 thermometer, and controlled 
with a custom-built thermoelectric controller and peltier device. Arenas were placed under a 
Leica S8APO dissecting microscope and a red light (700 nm, Metaphase Technologies) 
illuminated a single larva. The microscope was equipped with a Scion 1394 Camera, using Scion 
VisiCapture software. Images were acquired at either 4 HZ or 7.5 HZ. All larvae were fed yeast 
paste lacking all-trans-retinal (ATR) except where noted. Also see Supplemental Experimental 
Methods. Fluorescent whole larval recordings (muscle kinematics). Behavior arenas were placed 
on sapphire slides. Larva were allowed to cross the field of view then the stage was manually 
moved to keep the larvae in view, resulting in several recordings per larva. Images were acquired 
at 10 HZ with a 10x objective on a McBain spinning disc confocal microscope equipped with a 
Hamamatsu EM-CCD camera, and Volocity software (PerkinElmer). For image analysis see 
Supplemental Experimental Methods.  
 
Calcium imaging 
For Figure 4, a freshly dissected CNS from a newly-hatched larva was placed directly on sapphire 
slides in HL3.1 saline. Note there were fine manual adjustments for small changes in focal plane 
upon temperature shift. For Figure 5 intact larval recordings see muscle kinematics section above. 
The relationship between the EL calcium signal and body position was complex, so we focused 
our analysis on epochs where EL activation switched from high on one side to high on the other. 
For Figure 7C, a freshly dissected CNS from a newly-hatch larva was placed on a slide in HL3.1 
saline. A region of interest encompassing the nerve cord neuropil, with motor neuron dendrites in 
focus was illuminated with 488 nm light at 10% laser power to simultaneously activate Chrimson 
and monitor GCaMP6m fluorescence. For Figure S2 we used the protocol as described above 
except we used Baines’ saline (Marley and Baines, 2011), and maintained a constant temperature 
between 26-28oC. Temperature was controlled as described above. Imaging was done with a 40x 
objective on the McBain spinning disc, as described above. For details of image analysis see 
Supplemental Experimental Methods.  
 
Multicolor flip out (MCFO) to label and name single EL interneurons 
We used published methods to label single EL interneurons in first instar larvae (Nern et al., 
2015). The stock MCFO-3 was crossed to EL-gal4 (Supplemental Experimental Procedures). The 
progeny first instar larvae were dissected, stained for the MCFO epitopes and Eve protein, and 
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imaged on a Zeiss 700 or 710 confocal microscope. Segments containing single MCFO+ Eve+ 
neurons were analyzed in dorsal view and posterior view, which allowed each neuron to be 
classified as one of the five 11F02 ∩ ELs. The name of each 11F02 ∩ EL interneuron was chosen 
to match its name in the third instar abdominal CNS. Jaam is Persian for 'wineglass' (reflecting 
the strong association with sensory input) and saaghi (SA neurons) is Persian for 'one who brings 
a gift' (reflecting their role in presenting information to the motor neurons).  
 
Reconstructing single EL interneurons and determining their synaptic partners within the serial 
section TEM volumes  
We used two larval reconstructions: one a full CNS reconstruction from a 6h old first instar larva, 
and the other a 1.5 segment reconstruction of A2/A3 segments from a 12-24h old first instar larva 
(Ohyama et al., 2015). We reconstructed neurons in CATMAID using a Google Chrome browser 
as previously described (Ohyama et al., 2015). To identify single EL interneurons within the 
TEM volume we used the following features observed in the MCFO “ground truth” data set: (1) 
All 11F02 ∩ ELs share a common ventro-anterior cell body position; (2) all 11F02 ∩ ELs share a 
common proximal axon fascicle; (3) all 11F02 ∩ ELs have contralateral projections; (4) each 
11F02 ∩ ELs has a characteristic morphology when viewed dorsally and posteriorly (Table S3). 
Using these criteria, we reconstructed neurons with ventro-anterior soma until we found one that 
matched the morphology of an individual 11F02 ∩ EL interneuron; we then reconstructed 
adjacent neurons projecting in a common proximal axon fascicle to “enrich” for the remaining 
11F02 ∩ ELs. Note only bilaterally symmetric connections are shown in Figures.  
 To identify direct sensory inputs and motor outputs we relied on previously reconstructed 
sensory and motor neurons, supplemented by reconstruction of under-represented classes such as 
lateral projecting motor neurons and proprioceptive sensory neurons. To identify interneurons 
with direct presynaptic connections to EL interneurons, we reconstructed neurites that contacted 
clusters of post-synaptic sites on EL arbors. If a reconstructed neuron accumulated several (3+) 
presynaptic contacts with an EL interneuron, we continued reconstruction. In this way, we could 
rapidly focus on the neurons with the greatest number of presynaptic contacts with an EL 
interneuron. Similar methods were used to identify neurons post-synaptic to each EL interneuron.  
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Figure Legends 
 
Figure 1. Activation of EL interneurons causes larval crawling defects. 
(A) Eve/Evx1+ interneurons have commissural ascending axons in flies, fish and mouse. Midline, 
black arrowheads; anterior, up in all figures unless noted. 
(B) EL-gal4 (green) is consistently in nine ELs (arrow) and stochastically in few Eve-negative 
non-ELs (arrowhead). Eve protein, magenta (colocalization with EL-gal4, white); midline, 
dashed. Scale bar, 10 µm. Genotype: EL-gal4 / UAS-nls-GFP. 
(C) Activation of ELs reduces larval crawling speed and induces C-bends. Frames shown at 0.5 
sec. intervals. Scale bar, 150 µm. Genotype: UAS-dTRPA1/+; EL-gal4(III)/EL-gal4(III). Control: 
23oC, TRPA1 off; EL activated: 28oC, TRPA1 on. 
(D) TRPA1 activation of ELs results in larval C-bends with laterally displaced head and tail; 
genotype as in C. See Movies S1-S2. Scale bar, 40 µm. Average and SEM shown, ** p<0.05, t-
test. 
(E) Chrimson activation of ELs results in larval C-bends with laterally displaced head and tail. 
Genotype: UAS-Chrimson.mVenus/+; EL-gal4(III)/+. Control: larvae raised on food without all-
trans-retinal (ATR), EL activated: raised on food with ATR. See Movies S3-S4. Average and 
SEM shown, ** p<0.05, t-test.  
 
Figure 2. Ablation of EL interneurons causes larval crawling defects. 
(A) L1 CNS stained for Eve protein, with the focal plane showing a subset of Eve+ motor neurons 
(pseudocolored magenta) and the lateral cluster of Eve+ EL interneurons (pseudocolored green). 
EL ablation reduces EL number from ~10 to 1.63 ± 0.21 (left) and 1.54 ± 0.19 (right). The left-
right difference is not significant (t-test, n = 4 larvae). Scale bar, 10 µm. Control genotype: UAS-
reaper, UAS-hid / Y. EL ablated genotype: UAS-reaper, UAS-hid / Y;;EL-gal4/+. 
(B-D) Ablation of ELs decreases larval crawling speed and induces C-bends. Genotypes as in A. 
(B,C) Frames are shown at 0.5 sec intervals. Scale bar, 150 µm. (D) Scale bar, 40 µm. Average 
and SEM shown, ** p<0.05, t-test. See Movie S5. 
(E) EL-gal4+ brain neurons are not required for normal locomotion. Genotypes from left: (1) y w; 
(2) UAS-reaper, UAS-hid / Y; (3) EL-gal4 (III)/+; (4) UAS-reaper, UAS-hid /Y;;EL-gal4 /+; (5) 
tsh-Gal80/+; EL-gal4 /+; (6) UAS-reaper, UAS-hid /Y; tsh-Gal80/+; EL-gal4 /+ (in this 
genotype only EL-gal4+ neurons in the brain are ablated). (B,D,E) Average and SEM shown, ** 
p<0.05, t-test. 
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Figure 3. Ablation or activation of EL interneurons results in failure to maintain 
symmetrical left-right muscle length without affecting left-right timing in L1 larvae. 
(A-C) Control (A), EL ablated (B), and EL activated (C) larvae quantified for resting muscle 
length, contraction amplitude, and contraction timing. Left: Muscle marker MHC:GFP. Center: 
schematic of raw data. Right: plot of A5 muscle length on the left (blue) or right (red) over two 
cycles of relaxation and contraction. Scale bar, 100 µm. Genotypes are (A,B) UAS-dTRPA1, 
MHC:GFP/ UAS-dTRPA1 (A; control at 23oC , n=8) or (B; activated at 30oC, n= 6). (C) UAS-
reaper, UAS-hid/+; MHC:GFP/+; EL-gal4 /+ (n = 9). See Figure S1 and Movies S6-S8. 
 
Figure 4. Calcium imaging reveals functional interactions between left-right EL 
interneurons. 
Isolated L1 CNS preparations expressing GCaMP6m and TRPA1 in the ELs. In this experiment, 
TRPA1 activity cycles from “off” (23oC) to “on” (28oC) and back “off” (23oC) with the TRPA1 
“on” interval at least one minute long. There are three classes of response to this experiment 
(groups 1-3).  
(A) Left: schematic of preparation and GCaMP6m/TRPA1 expression in ELs. Right: example 
from group 1 (Movie S11). Note that both sides start at similar levels, but the left side is more 
active during the chronic TRPA1 “on” interval, and the right side becomes more active after 
TRPA1 stimulus offset. Scale bar, 25 µm.  
(B) Representative individual plots of GCaMP6m fluorescence (ΔF/F) for group 1-group 3.  
(C) Data from B replotted as average plots with standard error. Genotype: UAS-dTRPA1/UAS-
GCaMP6m; EL-gal4 /EL-gal4. 
(D-E) Controls for isolated CNS preparation experiments. (D) Preparations expressing 
GCaMP6m and TRPA1 in ELs held at baseline temperature (23oC). Genotype: UAS-
dTRPA1/UAS-GCaMP6m; EL-gal4 /EL-gal4 (E) Preparations expressing only GCaMP6m in ELs 
with temperature shifts as in B-C. Genotype: UAS-GCaMP6m/UAS-GCaMP6m; EL-gal4 /EL-
gal4. 
 
Figure 5. EL interneuron activity is correlated with contralateral muscle contractions 
within freely crawling larvae. 
All data are from intact larvae during forward locomotion with chronic TRPA1 activation of EL 
interneurons.  
(A) Top left: schematic of intact larval preparation and GCaMP6m/TRPA1 expression in EL 
interneurons. Top right: left-right (L-R) asymmetric GCaMP6m fluorescence in EL interneurons 
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taken from indicated times during plot below (grey arrows). Bottom: Intact L1 larvae expressing 
GCaMP6m and TRPA1 in EL interneurons were held at 32oC and mean fluorescence intensity 
was measured in left (blue) and right (red) EL interneurons. Note the blue line is interrupted when 
fluorescent intensity dropped to levels indistinguishable from background fluorescence. 
Genotype: UAS-dTRPA1 / UAS-GCaMP6m; EL-gal4 / EL-gal4. 
(B-D) Representative single larva data from Movie S12. (B) The larva was moving forward, so 
frames were manually aligned. The top row: EL GCaMP6m fluorescence (L, left and R, right); 
bottom row: body angle (arrows). Scale bar, 50 µm. (C) Plot of left and right EL fluorescence 
intensity over the time interval shown in B. (D) Plot of fluorescence index (bright side 
fluorescence - dim side fluorescence / total fluorescence) and body angle for the same time 
interval shown in B. Genotype as in A. 
(E) Averages from 10 epochs of left-right EL activity switching in 3 larvae, aligned to the time of 
switching (t = 0). EL activity (green) is correlated with contralateral body bending (orange). 
Average and standard deviation shown. Genotype as in A. 
 
Figure 6. Identification of individual EL interneurons by light and electron microscopy. 
(A-C) Activation of a subset of ELs is sufficient to cause C-bends. (A) 11F02 ∩ EL-gal4 driving 
membrane-bound GFP (green) co-stained for Eve protein (magenta). Anterior up. Scale bar 20 
µm. (B-C) Chrimson optogenetic activation of 11F02 ∩ ELs results in larval C-bends. Average 
and SEM shown, ** p<0.05, t-test. Genotype: UAS-Chrimson.mVenus/EL-gal4AD; R11F02-
gal4DBD/+. Control: larvae raised without ATR. 11F02 ∩ EL activated: raised with ATR. Scale 
bar 100 µm. See Movies S13-S14. 
(D) Individual 11F02 ∩ ELs detected using MCFO. The two projection interneurons (A08c, 
A08s) and three local interneurons (A08e1-e3) all have contralateral projections. Anterior, up; 
midline, arrowhead. Scale bar 5 µm.  
(E-H) Individual 11F02 ∩ ELs reconstructed from serial section TEM volume of the younger 
Larva 1 except where noted. Anterior up, midline arrowhead. (E) Individual 11F02 ∩ ELs are 
shown below their cognate neurons from MCFO analysis. (F) A08e1-3 local ELs from the older 
Larva 2 volume. Upper left schematic shows posterior/cross section view, with landmark 
Fasciclin II bundles shown in grey. (G) All 11F02 ∩ ELs reconstructed in segment A1 and A2; 
A1L neurons colored yellow. Note the clustered soma and common proximal axon fascicle. (H) 
Segmentally homologous neurons are highly similar (A08e3 shown in A1, A2, A3 left 
hemisegments).  
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(I) Bilaterally homologous 11F02 ∩ ELs are more similar to each other than to other ELs (lines 
show the shortest total path for indicated neurons). Y axis: ratio of input-output/input+output 
synapse number; X axis: neurite branch length (total neurite length – principle branch in nm).  
 
Figure 7. Local EL interneurons have monosynaptic proprioceptive inputs and 
monosynaptic motor outputs. 
Anatomical reconstruction of sensory-EL-motor neuron pathway in A3 of the older Larva 2.  
(A) Summary of the pathway showing the indicated number of synapses between proprioceptive 
sensory neurons (purple), local ELs (A08e1-A08e3; black), and motor neurons (green). For 
clarity, the connectivity between local ELs is shown separately (inset). Neurons with unilateral 
connections were excluded. 
(B) Proprioceptive neurons are the sensory class with the most presynaptic contacts on ELs.  
(C) The vbd-A08e3-RP2 pathway is bilaterally symmetric at the level of arbor morphology, 
synapse number, and synapse location. Top: the A3 left vbd has two zones of pre-synaptic 
contacts with A08e3, which forms synapses with the ventral-most region of the RP2 motor 
neuron dendritic arbor. Bottom: the A3 right vbd-A08e3-RP2 pathway has the similar location 
and number of synaptic contacts. Posterior view; dorsal up, midline, dashed line.  
(D-E) Examples of synapse morphology in the TEM reconstruction for vbd-A08e3 (left) and 
A08e3-RP2 (right). Note the pre-synaptic vesicle accumulation and electron density at the 
synapse. Synapses were identified as in (Ohyama et al., 2015). 
(F) Stimulation of ELs with Chrimson activates dorsal motor neurons. 488 nm laser illuminated 
the neuropil, which simultaneously activated Chrimson in ELs (red) and allowed for visualization 
of GCaMP6m fluorescence in CQ2-labeled dorsal motor neurons (green). Each line shows 
GCaMP6m signal in a different isolated brain preparation. Horizontal lines show baseline 
fluorescence. Response is significantly different between EL activation and controls, p<0.05, Chi-
Square. The top, middle, and bottom datasets are: (top) the indicated genotype + ATR (n =11); 
(middle) the indicated genotype without ATR (n=6); (bottom) the indicated genotype without 
UAS-Chrimson and +ATR (n=7). 
 
Figure 8. EL interneurons have disynaptic proprioceptive inputs. 
Disynaptic input from proprioceptors to local ELs via the Jaam neurons. Data from Larva 1, 
segment A1.  
(A) Disynaptic connectivity from proprioceptive sensory neurons (purple) to Jaams (magenta) to 
local ELs (gray); monosynaptic proprioceptor-EL connectivity shown with light gray lines. For 
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clarity, the connectivity between Jaams is shown separately (inset). Neurons with unilateral 
connections were excluded. 
(B) Top: Jaam1,3 neurons provide major inputs into the local EL interneurons (A08e1-e3). 
Bottom: Proprioceptive neurons provide major inputs into the Jaam1-3 neurons. For both top and 
bottom, the left graph shows % of total inputs (includes neurons that have not yet been fully 
reconstructed) and right graph shows % of known inputs (only fully reconstructed and annotated 
neurons).  
(C) Synaptic specificity: Jaam1 (dark magenta) and Jaam3 (light magenta) reproducibly target 
distinct, stereotyped regions of the different EL interneuronal arbors (light grey, A08e1; dark 
grey, A08e2), as seen in the inset (right). Posterior view; dorsal up; midline, dashed line. 
 
Figure 9. EL interneurons have disynaptic motor neuron outputs. 
Anatomical circuit reconstruction of EL-SA-motor neuron pathway from Larva 1 segment A1 
reveals the 11F02 ∩ ELs have disynaptic motor neuron output via the SA interneurons. 
(A) Synaptic connections between local ELs (grey), pre-motor SAs (cyan), and motor neurons 
(green). Monosynaptic EL-MN connectivity shown with light gray lines. Only bilateral 
connections between specific neurons (ELs and SAs) or motor neuron groups (dorsal, ventral, 
lateral) are shown. Number of motor neurons in each class shown in parentheses. 
(B) Top: the major output of the 11F02 ∩ ELs are the SAs. Bottom: the major output of the SAs 
are motor neurons.  
(C) The three local ELs A08e1-e3 (from light to dark grey) project to a common region of the 
SA1 dendritic arbor; (C’) enlargement of boxed region in C. Posterior view; dorsal up, midline, 
dashed line. 
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Supplemental Figure 1. EL-gal4 expresses in a few scattered cells in the central brain 
Related to Figure 4 
Left: EL-gal4 expresses in a few Eve-negative cells (red). This includes 32+/-16.5 (avg+/-std) 
cells in each brain lobe (n = 9 brain lobes).  
Right: A first instar larval brain stained for GFP driven by EL-gal4 (green) and the nuclear 
marker DAPI (grey). Note scattered GFP+ cells in the central brain (red arrow). Anterior up. Scale 
bar 20 um. Genotype: UAS-myr-GFP/+, EL-gal4/+ 
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Supplemental Figure 2. Individual ELs fire spontaneously in absence of sensory input, but 
do not show locomotor-like activity  
Related to Figure 5 
(A) Isolated CNS preparations where CQ2-gal4 is used to express GCaMP6m in the dorsally-
projecting U1-U5 motor neurons; note the posterior to anterior (P to A) waves of activity. 
Fluorescence intensity of specific regions of neuropil are indicated (A2-A6). Units same as in B. 
Genotype: CQ2-gal4/UAS-GCaMP6m. 
(B) EL interneurons fire spontaneously, but do not show P to A waves. Colors as in A. Genotype: 
UAS-GCaMP6m/+; EL-gal4/+. 
(C) Percentage of larval isolated CNS preparations that show at least one P to A wave of activity in a 
2 minute recording period (CQ = 7/11; EL = 0/9) .** p <0.05, Chi-square. Genotypes as in A, B. 
(D) EL interneurons fire spontaneously, for example the trace noted by asterisk in B and shown in 
D. Images are pseudocolored to highlight difference in fluorescence intensity. Arrowhead shows 
the spontaneously active EL. Anterior up. Scale bar 20 um. 
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(on previous page) 
Supplemental Figure 3.  EL interneuron connectivity is highly similar in multiple segments 
and multiple larvae. 
Related to Figure 6 
(A,B) Connectivity from proprioceptors to EL interneurons to motor neurons (or between EL 
interneurons; inset) is similar in an older 12-24h first instar larva (Larva 2; segment A3) and a 
younger 6h first instar larva (Larva 1; segment A1). Only bilaterally symmetric connections are 
shown; unilateral connections omitted. For example, the young larva has unilateral EL inputs to 
the RP2, U1, and U2 motor neurons that are not shown, whereas the old larva has unilateral EL 
inputs to the aCC motor neuron that are not shown. Similarly, the lesA-A08e3 connection is 
unilateral in the young larva and therefore not shown.  
(C) The morphology of the local EL interneurons A08e1-A08e3 is similar between Larva 1 and 
Larva 2, in both dorsal views (top) and posterior/cross-sectional view (bottom). 
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Supplemental Figure 4. Connections between proprioceptors and projection ELs  
Related to Figure 6 
(A) Summary of the connectome showing the indicated number of synapses between 
proprioceptive sensory neurons (v-prop, d-prop) and EL projection interneurons (A08e1-A08e3).   
(B-C) Electron microscopy reconstructions of 11F02 ∩ EL projection neurons (yellow) and their 
proprioceptive sensory inputs (red, ventral; magenta, dorsal). (B) Full CNS dorsal view (left) and 
side view (right). (C) A higher magnification dorsal view of boxed region in B.  
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Supplemental Figure 5. Neurotransmitter expression in EL interneurons  
Related to Figure 7 
(A) Schematic of Eve expression in larval brain for orientation of images. 
(B-D) A majority of EL interneurons are cholinergic. (B) A representative hemisegment (z-
projection) stained with anti-Eve (blue), and anti-GFP (green). Scale bar, 10 mm. Genotype: 
Cha7.4-gal4, UAS-GFP. (C) Percentage of hemisegments in which ELs stain with anti-ChAT (n 
= 16 hemisegment). (D) A representative hemisegment (z-projection) stained with anti-Eve (blue), 
anti-GFP (green) and anti-ChAT (red). ELs are indicated with a dashed line. Scale bar, 10 mm. 
Genotype: UAS-myr-GFP/+; EL-gal4/+. 
(E-F) A single EL interneuron often expresses GABAergic markers.  (E) Percentage of 
hemisegments in which ELs stain with anti-GABA (n =16 hemisegment) (F) A representative 
hemisegment (single optical slice) stained with anti-Eve (blue), anti-GFP (green), anti-GABA 
(red). Arrow points to GABA+ EL; Scale bar, 10 um. Genotype as in D.  
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Supplemental Figure 6. Jaam1-3 neurons.  
Related to Figure 8 
Morphology of the Jaam neurons from the young Larva 1 TEM reconstruction, hemisegment A1 
left. Presynapses, blue tick marks; post-synapses, yellow tick marks. Midline, arrowhead. 
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Supplemental Figure 7. Saaghi 1 and 3 neurons.  
Related to Figure 9 
Morphology of the Saaghi 1&3 neurons from the young Larva 1 TEM reconstruction, hemisegment 
A1 left. Presynapses, blue tick marks; post-synapses, yellow tick marks. Midline, arrowhead. 
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Supplementary Information   
 
Supplemental Table 1. Crawling speeds 
Related to Figure 1 
 Speed (µm/sec) at 23oC 
EL Activated, Control temperature average st err # larvae 
UAS-dTRPA1/+; pBDP-gal4/+ 60 3.1 22 
UAS-dTRPA1/+ 59 3.8 8 
EL-gal4/Y; UAS-dTRPA1/+ 58 4.3 19 
UAS-dTRPA1/+; EL-gal4/+ 61 2.7 17 
UAS-dTRPA1/UAS-dTRPA1; EL-gal4/+ 65 5.5 10 
EL-gal4/+; UAS-dTRPA1/+; EL-gal4/+ 77 5.1 9 
UAS-dTRPA1/+; EL-gal4/EL-gal4 58 5.1 14 
UAS-dTRPA1/UAS-dTRPA1; EL-gal4/EL-gal4 54 4.3 15 
 Speed (µm/sec) at 28oC 
EL Activated, TRPA1 activation temperature average st err # larvae 
UAS-dTRPA1/+; pBDP-gal4/+ 76 6.1 7 
UAS-dTRPA1/+ 74 3.1 9 
EL-gal4/Y; UAS-dTRPA1/+ 59 5.9 13 
UAS-dTRPA1/+; EL-gal4/+ 78 5.9 12 
UAS-dTRPA1/UAS-dTRPA1; EL-gal4/+ 52 5.1 9 
EL-gal4/+; UAS-dTRPA1/+; EL-gal4/+ 68 3.7 14 
UAS-dTRPA1/+; EL-gal4/EL-gal4 40 11.9 6 
UAS-dTRPA1/UAS-dTRPA1; EL-gal4/EL-gal4 39 1.4 12 
Note: greater reductions in speed also occurred with greater increases in temperature. 
Note: values significantly less than controls shown in red, t-test, p <0.05. 
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Supplemental Table 2. Differences in muscle contraction in left-right pairs of muscles from 
segments A4, A5, A6 of freely moving, intact first instar Drosophila larvae 
Related to Figure 3 
Peak cross correlation in muscle contractions (sec) 
 
average st error # animals 
Ablation control 0 0.11 8 
EL ablated -0.07 0.19 9 
    Activation control -0.04 0.32 8 
EL activated 0.17 0.3 6 
    Difference in maximal muscle contraction amplitude (mm) 
 
average st error # animals 
Ablation control 2.5 0.69 8 
EL ablated 6.9 0.79 9 
    Activation control 7.2 5.5 8 
EL activated 11.1 7.9 6 
    Difference in resting muscle length (mm) 
 
average st error # animals 
Ablation control 4.2 4.2 8 
EL ablated 8.3 6.4 9 
    Activation control 5.7 5.6 8 
EL activated 13.5 11 6 
Note: values significantly (p<0.05, t-test) greater than controls shown in red. 
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Supplemental Table 3. Neuronal arbor “ground truth” from MCFO data  
Related to Figure 6 
EL name 
 
Morphology in A1 (Number, A/P direction, description) # MCFO 
Clones (in 
segment) 
Ipsilateral projection 
 
Contralateral projection 
 
A08c 2 arbors, one to posterior* 1 arbor, to brain 14 (in A1) 
A08e1 1 arbor, to anterior, "linear" 1 arbor, to anterior, "linear" 40 (in A1) 
A08e2 2 arbors, both to anterior, "linear" 1 arbor, bifurcates, "linear" 7( in A1) 
A08e3 1 arbor, bifurcates and "round" 1 arbor, to anterior, "round" 7 (in A2) 
A08s 2 arbors, both to anterior 1 arbor, to brain 6 (in A2) 
*Note: this neuron has a different morphology in A2-A7 
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Movies 
 
Movie S1. Control L1 larval crawling. Real time. Genotype: UAS-dTRPA1/+; EL-gal4/ EL-gal4; 
at 23oC. (Related to Figure 1) 
 
Movie S2. Activated EL interneurons L1 larval crawling. Real time. Genotype: UAS-dTRPA1/+; 
EL-gal4 at 28oC. (Related to Figure 1) 
 
Movie S3. Control (no ATR) L2 larval crawling. Real time. Genotype: UAS-
Chrimson.mVenus/+; EL-gal4/+  (Related to Figure 1) 
 
Movie S4. Activated EL interneurons (+ ATR) L2 larval crawling. Real time. Genotype: UAS-
Chrimson.mVenus/+; EL-gal4/+ (Related to Figure 1) 
 
Movie S5. Ablated EL interneurons, L1 larval crawling. Real time. Genotype: UAS-Reaper, UAS-
HID/Y;; EL-gal4/+ at 23oC. (Related to Figure 2) 
 
Movie S6. Control L1 larval muscle contractions. Half time. Genotype: UAS-dTRPA1, MHC-
GFP/ UAS-dTRPA1; EL-gal4/+ at 23oC. (Related to Figure 3) 
 
Movie S7. Activated EL interneurons L1 larval muscle contractions. Half time. Genotype: UAS-
dTRPA1, MHC-GFP/ UAS-dTRPA1; EL-gal4/+ at 28oC. (Related to Figure 3) 
 
Movie S8. Ablated EL interneurons L1 larval muscle contractions. Half time. Genotype: UAS-
Reaper, UAS-HID/+; MHC-GFP/+; EL-gal4/+ at 23oC. (Related to Figure 3) 
 
Movie S9. Isolated CNS preparation motor neuron spontaneous firing. 5x real time. Genotype: 
CQ2-gal4/UAS-GCaMP6m. (Related to Figure 4) 
 
Movie S10. Isolated CNS preparation EL spontaneous firing. 5x real time. Genotype: UAS-
GCaMP6m/+; EL-gal4/+. (Related to Figure 4) 
 
Movie S11. TRPA1, GCaMP6 expressing EL interneurons, isolated CNS. Temperature is shifted: 
TRPA1 off (23oC), TRPA1 on (28oC), and TRPA1 off (23oC); 10x real time. Genotype: UAS-
dTRPA1/UAS-GCaMP6m; EL-gal4. (Related to Group i, Figure 4) 
 
Movie S12. TRPA1, GCaMP6 expressing EL interneurons, intact larval crawling. Pseudocolored. 
Real time. Genotype: UAS-dTRPA1/UAS-GCaMP6m; EL-gal4/ EL-gal4 at 32oC. (Related to 
Figure 5) 
 
Movie S13. Control (no ATR) L2 larval crawling. Real time. Genotype: UAS-
Chrimson.mVenus/EL-AD; R11F02-DBD/+ (Related to Figure 6) 
 
Movie S14. Activated EL interneurons (+ ATR), L2 larval crawling. Real time. Genotype: UAS-
Chrimson.mVenus/EL-AD; R11F02-DBD/+ (Related to Figure 6) 
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Supplemental Experimental Procedures 
 
Fly Stocks 
Fly line  Sources 
ChAT-gal4 7.4, UAS-GFP  Bloomington stock (BL) #6793 
CQ2-gal4  BL #7466 
EL-gal4 on the third chromosome, or “EL-gal4 [III]” (Fujioka et al., 1999) 
EL-gal4 on the X chromosome, or “EL-gal4[X]” (Fujioka et al., 1999) 
Gad1-gal4  BL #51630 
LexAop2-IVS-GCaMP6m  BL #44276 
MHC-GFP  BL #38462 
pBDP-gal4  (Pfeiffer et al., 2008) 
R11F02-DBD  Rubin lab, JFRC 
R57C10-FlpL;; HA_V5_FLAG,  or “MCFO-3” (Nern et al., 2015) 
tsh-Gal80  (Clyne and Miesenbock, 2008) 
UAS-IVS-CsChrimson.mVenus  BL #55136 
UAS-dTRPA1  BL #26263 
UAS-GCaMP6m  BL #42748 
UAS-myr-GFP  BL  #32197 
UAS-nls-GFP  BL #6452 
UAS-Reaper, UAS-Hid  (Veverytsa and Allan, 2011) 
VGlut-gal4 BL #24635 
 
Antibodies 
Species Antibody cat # Dilution Source 
chick anti-GFP GFP-1020 1:1000 Aves 
chick anti-V5 A1902118A 1:300 Bethyl 
mouse anti-ChAT 4B1* n/a 1:200 Salvaterra lab** 
mouse anti-Eve 3C10 n/a 1:50  Doe lab** 
mouse anti-HA MMS-101P 1:100 Biolegend 
mouse anti-HA-Alexa488 2350 1:200  Cell Signaling 
rabbit anti-Eve n/a 1:2000 (Frasch et al., 1987) 
rabbit anti-Flag-DyLight680 600-444-383 1:200 Rockland 
rabbit anti-GABA* A2052 1:500 Sigma 
rabbit anti-V5-DyLight549 600-442-378 1:400  Rockland 
rat anti-Flag NBP1-06712 1:300 Novus Biotech 
* Requires one hour fix on ice 
**From the Developmental Studies Hybridoma Bank, created by the NICHD of the NIH and 
maintained at The University of Iowa, Department of Biology, Iowa City, IA 52242. 
 
Reagents for generation of EL-AD and CQ2-LexA 
 EL-AD CQ2-LexA 
Plasmid AG-EL (M. Fujioka, T. Jefferson) e5Z3 (M. Fujioka, T. Jefferson) 
Primers ACATGTGTTTCAATTGCTCAGCCGTG GATGGGTGTTTGCTGCCTCC 
Primers GAATGCCTAATTGATAATAATATCACAC AGGACCATGAGGAGGTCCTG 
Entry  pCR8/GW/TOPO (Invitrogen) pCR8/GW/TOPO (Invitrogen) 
Destination  pBPp65ADZpUw (#26234, Addgene) pBPlexA:GADUw (Rubin Lab) 
Location attp40 (BestGene, Inc.) attp40 (BestGene, Inc.) 
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ATR feeding 
A 100 mM ATR stock solution was made by dissolving 100 mg of powder (Sigma Aldrich 
R2500-100MG) into 3.52 ml 100% EtOH, and then were divided into aliquots of 100 µl. ATR 
yeast paste was made by mixing 3 grams of bakers yeast with 5 mL of distilled H2O and 100 µl 
of ATR stock solution. Adults were put into collection cages and allowed to eat yeast paste for at 
least two days prior to behavioral recordings of their progeny. 
 
Image analysis 
 Figures 1C-D and 2B-E data. Image operations were performed in ImageJ (NIH) or with 
custom software written in MATLAB (Mathworks, Natick, MA, USA). To determine crawling 
speed, each image was thresholded to produce a binary image, and built-in MATLAB functions 
were used determine centroid position. Speed = total distance traveled by centroid over time. To 
determine head and tail angle custom MATLAB scripts were used. To determine head and tail 
angle, each image was blurred, thresholded, and morphologically closed to produce a binary 
image of the larva. The image was skeletonized, and branches trimmed to determine the 
centerline of the larva. The centerline was extended to intersect with the perimeter, and 
intersections were taken as the head (head) and tail (tail) points. The coordinates of tail were 
manually entered for the first frame, and the point corresponding to tail versus head was 
calculated as distance from tail in each previous frame. The point on the centerline equidistant 
from head and tail was taken as the center point (cp), and two points on either side of cp (at a 
distance of 5% of the total length of the center line) were taken (bp1 and bp2). Slope of the lines 
passing through bp1 and bp2, cp and tail, as well as cp and head were determined. The angle 
between each pair of lines was calculated. Note that for purposes of calculation, the angle did not 
exceed 90 degrees. Code available upon request. 
 Figure 3 data. We manually annotated segment boundaries for three or more cycles of 
contraction for 4-6 larvae per genotype, totaling 37-67 muscle contractions per genotype. Custom 
scripts determined the length. Muscle length plotted over time was smoothed with a moving 
average filter of 0.5 seconds. Left-right difference in contraction timing. The mean was subtracted 
from each time point, then a built-in MATLAB cross correlation function was used to determine 
the peak phase lag for left-right pairs of muscle lengths. Left-right difference in muscle length at 
baseline. Muscle length at baseline was defined at the local maxima in muscle length per 
contraction cycle. Left-right difference in muscle contraction amplitude. Muscle contraction 
amplitude was defined as the difference between muscle length at baseline and the subsequent 
local minima in muscle length per contraction cycle. For each contraction cycle, left-right pairs of 
muscle lengths at baseline calculated, and then averaged. This was done for contraction amplitude 
difference in left-right pairs of muscle. 
 Figure 4 data. Image stacks were processed using custom analysis routines written in Igor 
Pro (WaveMetrics, Lake Oswego, OR). Briefly, a region of interest was drawn around three 
clusters on both the right and left side of the animal. The average pixel intensity over time was 
measured in all regions of interest. The data were then normalized to the average 15 seconds 
before temperature change, and thus expressed as a change in fluorescence intensity (ΔF/F). As 
no obvious differences between clusters on the same side were noted, changes in average pixel 
intensity for clusters on the same side of the animal were averaged, leading to a single measure 
for the left and right side. Changes in fluorescence intensity on the left and right side were then 
averaged across animals.  
 Figure 5 data. Each image was blurred, thresholded, and morphologically closed to 
produce a binary mask of brightly fluorescing points in the larvae. The position of EL interneuron 
clusters were entered for the first frame of each recording, and automatically detected in 
subsequent frames. Fluorescence intensity. Built-in MATLAB functions were used determine 
mean fluorescence of right and left EL interneuron clusters, (Rfluor and Lfluor). Fluorescence 
index = bright side fluorescence - dim side fluorescence / (total fluorescence). Body angle. The 
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orientation of each EL interneuron cluster was determined using built-in MATLAB function and 
the average orientation of clusters was used as the orientation of the larval body. The angle of the 
tail was manually determined in ImageJ by taking the slope of the line which passed through the 
ventral most point between the left-right EL clusters, and area of maximum curvature on tail. We 
selected switches that were changes in fluorescence index greater than 0.3 units, which started at 
least 0.1 unit above or below an index of 0 (n=10 switches, in 3 animals). We aligned a switch, 
such that fluorescence index rose from negative to positive values and passed through 0 at time = 
0 sec. At each time point we determined the average and standard deviation of body angle and 
fluorescence index. 
 Figure 1E and 6C data. To minimize spectral cross talk from mVenus on the Chrimson 
trangene we collected from emission 488-525 nm. We used 488 nm laser at 10% laser power for 
the duration of the recording period. We used built-in Zen Software to calculate the fluorescence 
within the region of interest. Using Matlab software we calculated ΔF/F as ([intensity at t = n]  - 
[intensity at t = 0]/ [intensity at t = 0]/), and generated data plots. Data were scored as either 
response above or below baseline at time = 4 minutes, and Chi-Squared test was run to calculate 
statistical significance. 
 Figure S2 data. We used the ImageJ plug in “Time Series Analyzer V2 0” to draw three 
regions of interest covering the neuropile at segment A2, A4 and A6, and to calculate 
fluorescence intensity. Data were plotted in Matlab. Two minutes of recording per CNS were 
scored for the presence or absence of posterior to anterior waves, and Chi-Squared test was run to 
calculate statistical significance.  
 
MCFO Procedure 
Fly husbandry:  
1. Collect young flies for 5-6 days.  
2. Cross on 6th day.  
3. Begin collecting on 10th day; do not collect after 17 days total. This is because younger 
parents, both male and female yield increased occurrences of MCFO labeling as previously 
noted seen in a different multicolor tool: Flybow (Hadjieconomou et al., 2011). 
4. Collect for 24 hours at 25oC.  
5. Age the larvae at 25oC until dissection age—additional 20-24 hr for 0-24 hr larvae. 
 
Dissection, fixation and staining:  
1. Dissect in HL3.1 media for no longer than 10 minutes, adhering each brain to a poly-lysine 
covered coverslip (Corning: BioCoat #354085 12mm round). 
2. Move coverslip to a 24 well plate. Fix for 10 minutes. Flood with “Wash buffer.” 
3. At end of all dissections remove Wash buffer and apply “Block.” Block at 4 oC overnight. 
4. Remove Block in AM. Apply Primary antibody for 2 hr at room temperature. 
5. Remove primary antibody and save it for reuse (can be reused several times). Rinse three 
times with Wash buffer. 
6. Leave in Wash buffer for 1 hr at room temp or overnight at 4oC. Dilute secondary antibodies 
(1:300) in Wash buffer. 
7. Apply secondary antibodies for 1 hr at room temperature. Wash three in Wash buffer. 
8. Apply “Glycerol series.”  
9. Allow sample to sit in the final antifade glycerol overnight covered in foil at room temp, or 
over the weekend at 4oC before imaging. 
 
Sample mounting: 
1. Using a curved pair of small forceps gently and slowly take round cover slip out of the well 
and place onto a glass slide. Press down in the center of the slip to adhere it to the slide. 
2. Place two 22x22 coverslip flanking your sample slip in the center.  Secure them with a 
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labeling dot (1/2 inch Tough Spots) on either end so they don’t move. 
3. Apply a 22x40 coverslip across the top of it all so it forms a bridge over your sample. Apply 
additional labeling dots on the ends of the long slip so it doesn’t move 
4. Image 
 
Solutions: 
HL3.1: 70 mM NaCl, 7 mM KCl, 1.5 mM CaCl, 4 mM MgCl2, 10 NaHC03, 5 mM Trehalose, 115 
mM Sucrose, 5 mM HEPES  
 
PBS: 130 mM NaCl, 7mM Na2HPO4.2H20, 3mM NaH2P04.2H20 
 
Fixative: 4% Paraformaldehyde in PBS 
 
Wash buffer: 0.1% Triton-X, 3% BSA, 10mM Glycine in PBS 
 
Block: 0.2% Triton-X, 3% BSA, 3% DMSO in PBS 
 
Glycerol series: 25%, 50% or 90%* glycerol in PBS; *with 4% N-Propylgallate 
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